Crystals of K[B(AnErytH − 2 ) 2 ]·2 H 2 O (AnEryt = 1,4-anhydroerythritol) form from aqueous alkaline solutions containing a double molar amount of diol over borate. The spiro-type monoanions are the main borate species in the mother liquors of crystallisation according to 11 B and 13 C NMR spectroscopy. Ribofuranosides form analogous borate esters using their 1,4-anhydroerythritol core. Crystals of Na[B(Meb-D-Ribf 2,3H − 2 ) 2 ]·2 H 2 O were grown from alkaline methyl b-D-ribofuranoside solutions that had attacked boron-containing Duran vessels. NMR spectra show closely resembling borate ester speciation in solutions of diols with the 1,4-anhydroerythritol core -1,4-anhydroerythritol itself, methyl b-D-ribofuranoside and guanosine.
Introduction
Recent investigations of the van Bekkum group and others on borate ester formation of mono-and disaccharides led to the assumption of highest complex stabilities for furanoidic cis-1,2-diols [2] . More recently in a study dealing with the molecular origin of boron usage by plants, O'Neill and co-workers demonstrated that cis-1,2-furanoidic diol groups of apiosyl residues of rhamnogalacturonan II are the boron-binding functional groups of this cell-wall polysaccharide [3] . Despite the increasing insight, which mainly stems from 11 B and 13 C NMR spectroscopy, into the rules and the significance of carbohydrate borate ester formation, the metric properties of the boron carbohydrate linkage remain unexplored. To the best of our knowledge, not a single crystal-structure investigation on borate esters of pyranoidic or furanoidic carbohydrates or derivatives thereof, has been published [4] . Hence, we tried to extend our structural work on carbohydrate metal complexes in aqueous solution to the field of borate esters. Within this work, we report on the structures of bis-diol esters of methyl b-D-ribofuranoside and of 1,4-anhydroerythritol. The latter comprises the chelating core of a furanoidic cis-1,2-diol without any further substituents. O-11 C-11 C-21 C-31 C-41:
Results and discussion

1,4-Anhydroerythritol
small to allow for a small 'bite' of the ligand. The alkoxo-O atoms establish bonds to four neighbouring atoms, which are arranged tetrahedrally. Besides the boron and a carbon atom, two potassium ions (in the case of O-31, O-32) or one potassium ion and a hydrogen bond with a water donor (O-21, O-22) stabilise the negative charge of the alkoxo groups in the crystal. Thus, despite the high polarising power of the boron atom, the number of contacts to the formal O − function is the same as usually found with diolato metallates. However, the O···O distance of the hydrogen bond is rather large, indicating the negative charge on the acceptor atom to be smaller than usual. The principles of hydrogen bonding (Table 1 ) resemble other polyolatometallates. The water molecules are linked by cooperative hydrogen bonds to an extended network, hence providing donor sites not used for the network for bonds towards alkoxo acceptors. In 1, the water network is a simple isolated chain along [001] . Despite the wellordered branches of the network towards the alkoxo acceptors, the infinite cooperative chain itself exhibits disorder of hydrogen atoms. Both point-symmetry elements of the space group, the centre of inversion (1( ) and the twofold axis (2) along [010] (Pbcn P2 1 /b 2/c 2 1 /n) are involved in the disordered hydrogen-bond array. In a statistical model, the bonding scheme of the hydrogen-bonded chain of water molecules is (h 1/2 H):
solutions of boric acid, 1,4-anhydroerythritol (AnEryt) and potassium hydroxide in a 1:2:5 molar ratio. The structure of the complex monoanion is shown in Fig. 1 alkaline mother liquors (pH ca. 13) and in solutions adjusted to the same pH and molar ratios.
11 B NMR spectroscopy reveals only a small amount of monodiolato dihydroxo borate and a trace of tetrahydroxoborate in addition to the bis(diolato) species. Accordingly, 13 C spectra show the two signals of the free diol (about 10% of the total diol amount), two further signals of monodiolato dihydroxo borate, and four signals of the bis(diolato) complex, the latter having the highest intensity (Fig. 2) . The signals of the carbon atoms that are bearing the O-alkoxo atoms are shifted downfield by about 6 ppm, which is slightly less than the value given in Ref. [2] . The shift of the signals of the carbon atoms next to the diolato group is about 3 ppm downfield. The physical origin of the split of the signals in the spiro-type bis(diolato) complex is illustrated in Fig. 1 , which shows the spatial inequivalence of, e.g., O-21 and O-31 and hence C-21 and C-31, which are equivalent only in the absence of the spiro centre. As is usual in aqueous borate ester chemistry, the B O linkages are inert on the NMR timescale, even at a higher temperature of 360 K. When varying the pH value of the solutions at both a constant 2:1 molar ratio of diol and borate and a total concentration of about 1 mol L − 1 , as a rule, the bis(diolato)borate portion remains the same (about 3/4 throughout the alkaline region) but, the higher the pH, the larger the amount of monodiolato dihydroxo borate at the expense of free diol.
Methyl i-D-ribofuranoside complexes.-The cumbersome procedure of obtaining crystals of diolato borates with pending functional groups is best highlighted by the experiments that led to the structural analysis of Na[B(Meb-D-Ribf2,3H − 2 )·2 H 2 O (2). 2 was formed in the course of an attempted synthesis of a diolato silicate. However, under the reaction conditions applied, borate dissolved from the Duran vessels used and formed the borate ester 2. The crystals were of lower quality than those of 1. The structure determination revealed borate anions as shown in Fig. 3 . The methoxy group of one of the ribose moieties (O-11, C-61) is disordered. The puckering parameters (Fig. 3) of the four 
). Accordingly, the endocyclic bond angles of both ring types are larger in the case of 2. Hydrogen-bond cooperativity is not as significant as with 1, which is more typical in this respect. In 2, the donor sites, which are provided by water molecules and the hydroxymethyl group at position 5 of the ribose skeleton, establish isolated hydrogen bonds towards alkoxo acceptors (Table 1 ). In 2, the hydrogen-bond donors are the only neighbours of the O-alkoxo atoms besides the carbon and boron atoms. Hence, no counterion-alkoxo contacts are observed.
Though attempts failed to prepare crystals of 2 from riboside borate solutions in a wellaimed way by combining the riboside and borate in the proper molar ratio, 11 B and 13 C NMR spectra of the solutions revealed the same species distribution as in 1,4-anhydroerythritol systems. Except for the larger signal number, the 13 C spectra, which were assigned in accordance with Ref. [6] , show the same features as the spectra in the 1,4-anhydroerythritol solutions. However, enantiomeric forms of the spiro-type bis(diolato) complex, which co-crystallized in the case of the unsubstituted oxolanediol core, now appear as diastereomers. Hence crystallisation may be hampered by the fact that there is no single type of major species to fit into a crystal structure.
NMR study of the guanosine/borate system.-13 C NMR spectroscopy has been used as a tool in the study of borate ester formation of the nucleosides [7] . The detection of a 6 ppm downfield shift of the diolato carbon atoms in the adenosine/borate system above pH 6 was obviously not hampered by multiple signals, as the borate-diol molar ratio was adjusted to high values thus giving rise to the formation of monodiolato dihydroxo borate as the main species. When adjusting to a 2:1 molar ratio of diol and borate, the 13 C spectra reveal the methyl b-D-ribofuranoside spectra regarding number (2 bis(diolato)borate and 1 mono-diolato-dihydroxo-borate signals per carbon atom) and shift of the signals. At a pH of 14, a 2:4:4 ratio of free guanosine, monodiolato dihydroxo borate and bis(diolato)borate shows similar values as for 1,4-anhydroerythritol, again pointing to almost equal ligand properties of diols with the 1,4-anhydroerythritol core.
Conclusions
Carbohydrate borate systems have attracted interest due to their significance for carbohydrate-synthesis and boron-usage in plants [2, 3] . NMR spectroscopy reveals furanoidic cis-1,2-diols to be the most suitable ligands for the synthesis of stable complexes [2] . With this work, the first crystal structure analyses of bis(diolato)borate esters of this type are presented. The diols are found with short O···O distances and small torsion angles -the latter being inaccessible with a pyranoidic diol-to assure a small 'bite' suitable for chelate formation with the small boron central atom. From 11 B and 13 C NMR spectroscopy, the simple parent compound of the furanoidic diols, 1,4-anhydroerythritol, resembles ribofuranose derivatives in terms of ligand strength. It appears to be of importance, for crystallisation, that the spiro-type bis(diolato)-borates derived from 1,4-anhydroerythritol are not apt to the formation of diastereomers. Hence, facilitated crystallisation from these solutions appears to be due to favourable speciation in the mother liquors, which contain co-crystallizing enantiomers instead of diastereomers, as in the case of ribose derivatives. Tables 2  and 3 .
Experimental
NMR spectroscopy.-NMR spectra were recorded using Bruker AC250 and AC400 spectrometers.
11 B l values listed refer to Table 3 Fractional positional parameters of non-hydrogen atoms and equivalent thermal parameters (A , C spectrum of a diol borate solution in a 2:1 molar ratio is shown in Fig. 2 .
0 mmol) and sodium hydroxide (0.16 g, 4 mmol) were dissolved in 8.0 mL of water. Tetramethoxysilane (0.32 g, 2.0 mmol) was added under stirring. The solution was heated to 100°C for 60 h in a Duran vessel in an autoclave (Bü chi Tinyclav). After having filtered off a slight precipitate, the solution was concentrated. Few crystals formed within half a year. Boron obviously was dissolved from the Duran vessels. Attempts to prepare 2 using boric acid as the source for borate resulted in the formation of syrup or glassy products (work on quaternary systems diol/borate/silicate/water is in progress).
NMR spectra of a riboside borate solution in a 2:1 molar ratio at pH 13: 
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